The Lapa Formation is a thick carbonate sequence (∼900 m) that constitutes the upper part of the Vazante Group on the São Francisco craton, Brazil. It conformably overlies a previously unrecognized glacial diamictite unit of poorly constrained age. The sequence, above the glacial unconformity, consists predominantly of organic-rich shale, subtidal rhythmic dolomicrites and microbialaminites, and intertidal stromatolites. Four boreholes, spanning different depositional settings, were sampled at highresolution and investigated for their petrographic and chemical criteria to evaluate their degree of preservation.
Introduction
The successful use of stable isotope signatures encrypted in Phanerozoic marine carbonates (cf. Veizer et al., 1999 and references therein) to understand Earth's et al., 2001; Shields and Veizer, 2002; Cozzi et al., 2004) . This is especially so in the thick Neoproterozoic successions of Brazil, including the carbonatedominated Vazante Group (Azmy et al., 2001) and their equivalents on the São Francisco craton. During the Neoproterozoic, this craton was a conjugate to the Congo craton in Africa, which includes the glaciogenic Otavi Group where the 'Snowball Earth' hypothesis was resurrected (Kirschvink, 1992; Hoffman et al., 1998a) .
Ongoing chemostratigraphic investigations in Brazil aim to refine regional and global correlations of glacial diamictites at the base of the Vazante and Bambuí groups, in order to better understand the evolution of surface environments and climate near the end of the Proterozoic Eon. In this study, we investigate the upper reaches of the Vazante Group, including the Morro do Calcario Formation and the overlying Lapa Formation for evidence of glacial phenomenon and associated stable isotope anomalies. Using these observations, we predict correlations with better dated units on the Congo Craton and thus provide chemostratigraphic constraints on the coevolution of both successions.
Geologic setting
The Lapa Formation is a part of the carbonatedominated Neoproterozoic platform of the Vazante Group (Dardenne, 2001 ) that extends along more than 300 km N-S in the external zone of the Brasilia Fold Belt in São Francisco Basin (Fig. 1) . The stratigraphy of the marginal marine sediments of the Vazante Group (Fig. 2 ) has been studied in detail and refined by several authors (e.g., Dardenne, 1978; Dardenne and Walde, 1979; Madalosso, 1979; Karfunkel and Hoppe, 1988; Fairchild et al., 1996; Azmy et al., 2001; Dardenne, 2001; Misi, 2001; Misi et al., in press ). In the eastern part of the basin, carbonate, diamictite, and shale of the Vazante Group are generally well preserved and little metamorphosed; to the west near the Brazilia Fold Belt, however, the sediments are highly deformed and have experienced amphibolite to granulite facies metamorphism. (Dardenne, 1978; Fuck et al., 1994) . While earlier investigations indicated that the Vazante Group sediments accumulated in a passive margin setting (e.g., Campos-Neto, 1984; Fuck et al., 1994) , recent studies suggest that these sediments were deposited in a foreland basin during the initial phases of the Brasiliano orogeny (e.g., Dardenne, 2000) .
The Vazante Group is believed to have a basal glaciogenic unit (D), which constitutes the uppermost part of the Santo Antônio do Bonito Formation (Figs. 2 and 3a) and has also been broadly correlated with glacial strata that form the base of the Bambuí Group to the east (Dardenne, 2001; Misi et al., in press ). However, new observations of carbonate breccia and dropstones in interbedded organic-rich shale (Figs. 2 and 3b) in overlying horizons indicate the presence of a second glacial horizon (DII) near the top of the Vazante succession (Olcott et al., 2005) immediately beneath the Lapa Formation. Sedimentary iron-formation and iron oxide cemented diamictites are also noted near the top of this second glaciogenic interval (Brody et al., 2004) . A regional unconformity (Fig. 2 ) is believed to have occurred at the base of the upper diamictite (DII) throughout the entire basin (Misi et al., 2005) .
The Lapa Formation, which overlies the younger diamictites (DII), is predominantly composed of rhythmically laminated argillaceous dolomites (Fig. 4a) , with shales in the upper part. Immediately above the upper Vazante Group diamictite (DII), Lapa sediments begin with a ca. 10 m thick organic rich shale that contains outsized clasts of underlying carbonate lithologies, which truncate the finely laminated sediment and are inter- showing rhythmites from subtidal facies of Core MAF 38-84, (b) photograph of stromatolites in a slab of Core KVD-F60 at a depth of 602 m, and (c) photomicrograph of a thin section (sample KVD 60-16) under crossed Nichols with dolomite generations (I-IV) identical to those described by Azmy et al. (2001) in the underlying Pamplona carbonates.
preted as dropstones (Fig. 3b) deposited during postglacial transgression (Brody et al., 2004) . The Lapa sediments vary from intertidal dolomitized lime mudstone with stromatolitic lenses (Azmy et al., 2001 ) to subtidal laminated dolomitized lime mudstone alternating with clays or shales, forming rhythmites (Fig. 4a) . Shallowing of the basin into the photic zone resulted in the formation of occasional stromatolites (Fig. 4b) above the shale, but most of the overlying succession consists of thick rhythmically bedded argillaceous dolomite and microbialaminite.
Petrographic examination of thin sections shows that the dolomicrites are notably very fine grained (Fig. 4c) and are generally fabric retentive. Three generations of secondary dolomitic cements have been observed; including fibrous, equant, and late fracture-filling phases (cf. Azmy et al., 2001) . No significant increase in crystal size was observed associated with dolomitization of the lime mud precursors, suggesting that the original sediment did not suffer from extensive and/or repeated meteoric alteration.
Radiometric age constraints
The age of the Vazante Group and Lapa Formation are poorly constrained. No volcanic ash layers have yet been discovered, which argue against the foreland basin depositional model suggested recently by some authors. Based on the occurrence of Conophyton metula Kirichenko in the Lagamar Formation (Fig. 2) , Cloud and Dardenne (1973) suggested an age of between 1350 and 950 Ma for the lower Vazante Group. Radiometric constraints based on whole rock Rb/Sr or Pb/Pb determinations are problematic and likely represent overprinted ages due to the effects of the Braziliano Orogeny (Lagoeiro, 1990; Alkmim et al., 1993; Chemale et al., 1993; D'Agrella-Fihlo et al., 2000; Misi et al., in press and more references therein).
Methodology
Four parallel cores (separated laterally by as much as 45 km Thin sections of the samples were examined petrographically with a polarizing microscope and cathodo-luminoscope and stained with Alizarin Red-S and potassium ferricyanide solutions (Dickson, 1966) . A mirror-image slab of each thin section was also prepared and polished for microsampling. Cathodoluminescence observations were performed using a Technosyn 8200 MKII cold cathode instrument operated at ∼11 kV accelerating voltage and ∼450 mA current intensity. Some selected samples were analyzed by XRD to further refine mineralogic compositions and some bulk powder samples were acidified in microcentrifuge tubes and then dried to determine the percent of carbonate in representative lithologies throughout the Lapa Formation.
Polished slabs were washed with deionized water and dried overnight at 50 • C prior to the isolation of the finest grained dolomicrites free of secondary cements. Approximately, 4 mg were microsampled from the cleaned slabs with a low-speed microdrill. The geochemical analyses have been mainly run on the microsampled powder except for those of the evaluation of carbonate contents and the measurements of δ 13 C of organic carbon that were run on bulk sample powders. For C-and Oisotope analyses, about 500 g of powder sample was reacted in inert atmosphere with ultrapure concentrated (100%) orthophosphoric acid at 72 • C in a ThermoFinnigan Gasbench II. The headspace CO 2 produced from the reaction was automatically flushed through a chromatographic column and delivered to the source of a ThermoFinnigan DELTA plus XP isotope ratio mass spectrometer in a stream of helium, where the gas was ionized and measured for isotope ratios. Uncertainties of better than 0.1‰ (2σ) for the analyses were determined by repeated measurements of NBS-19 (δ 18 O = −2.20‰ and δ 13 C = +1.95‰ versus V-PDB) and NBS-18 (δ 18 O = −3.00‰ and δ 13 C = −5.00‰ versus V-PDB) standards during each run of samples.
For elemental analyses, a subset of sample powder was digested in 5% (v/v) acetic acid for 70-80 min. and analysed for Ca, Mg, Sr, and Mn (Coleman et al., 1989 ) using a HP 4500 plus at Memorial University of Newfoundland. The relative uncertainties of these measurements are better than 5%.
Organic carbon isotope ratios were measured on isolated kerogen after repeated treatment with concentrated hydrochloric acid at the isotope laboratory of Memorial University of Newfoundland, using a Carlo Erba Elemental Analyzer coupled to a 252 Finnigan Mat Mass Spectrometer. The results were normalized to the standards IAEA-CH-6 (δ 13 C = −10.43), NBS18 (δ 13 C = −5.04) and USGS24 (δ 13 C = −15.99) and the uncertainty calculated from repeated measurements was ∼0.2‰.
Guided by petrographic observations, some samples were chosen for Sr-isotope analysis. About 2 mg of the powdered sample was dissolved in 2.5N ultrapure HCl and, after evaporation, Sr was extracted with quartz glass ion exchange columns filled with Bio Rad AG50WX8 resin. Finally, ∼75-100 ng Sr was loaded on Re filaments using a Ta2O5-HNO3-HF-H3PO4 solution. Measurements were performed with a Finnigan MAT 262 multicollector mass spectrometer at the Institut für Geologie, Mineralogie und Geophysik, Ruhr Universität, Bochum, Germany (cf. Diener et al., 1996; Azmy et al., 1999) . Two standard reference materials were utilized as quality control of Sr isotope ratio measurements, NIST (NBS) 987 and USGS EN-1, which gave mean 87 Sr/ 86 Sr values over the analyses interval of 0.710236 ± 0.0000008 and 0.709151 ± 0.000008, respectively.
Trace sulfate in carbonate was isolated following the method outlined by Hall et al. (1988) , at the Environmental Isotope Laboratory of the University of Waterloo, Ontario, Canada. Resulting barites were measured for their sulfur isotope compositions by continuous flow techniques using a Carlo Erba Elemental Analyser (CHNS-O) EA 1108 in line with a Micromass Isoprime mass spectrometer. Results are reported in the standard δ notation relative to the Canyon Diablo Triolite standard (V-CDT) with 1σ precisions of better than ±0.3‰ based on multiple analyses of standard materials during the run of samples.
Results and discussion
The primary concern of this study is whether the negative δ 13 C excursions in carbonates from argillaceous lithofacies at the base and near the top of the Lapa Formation reflect environmental or diagenetic perturbations (Appendix A). If primary, these biogeochemical anomalies may be considered in the context of widespread Neoproterozoic ice ages and be compared with similar events on other continents. Therefore, the evaluation of the encrypted geochemical signatures in the Lapa carbonates is a cornerstone for the reconstructions of reliable chemostratigraphic profiles.
Evaluation of sample preservation
Several petrographic and geochemical screens have been utilized to ascertain the degree of preservation of carbonate-rich laminae in samples of the Lapa carbonates (e.g., Kaufman et al., 1991 Kaufman et al., , 1992 Kaufman et al., , 1993 Derry et al., 1992; Narbonne et al., 1994; Misi and Veizer, 1998; Azmy et al., 2001) . Thin sections were examined using a petrographic microscope for grain size, degree of re-crystallization, detrital and organic matter contents and sedimentary structures. In general, we find that carbonates in these argillaceous sediments are not significantly recrystallized and retain primary sedimentary fabrics. Cathodoluminescence (CL) was also employed to study the different rock components and to refine the selection of best preserved carbonates (e.g., Azmy et al., 2001) . Notably, luminescence in carbonates is mainly activated by high concentrations of Mn and quenched by high concentrations of Fe (Machel and Burton, 1991) . High degrees of luminescence, in many cases, indicates diagenetic alteration by meteoric water but this interpretation should be taken with caution insofar as some altered carbonates might exhibit no luminescence due to high Fe contents (Rush and Chafetz, 1990) , and some primary carbonates (especially those deposited during Neoproterozoic post-glacial transgression) might be enriched in both Fe and Mn due to widespread ocean anoxia during ice ages (Corsetti and Kaufman, 2003) .
Due to the possible heterogeneity in geochemical composition of texturally distinct carbonate phases in whole-rock samples, and in order to avoid silicate-rich intervals, secondary cement and veins, microsamples were drilled from the finest grained and purest carbonate phases. Microsamples were then analyzed for their elemental and isotopic compositions. Of particular interest are the Mn and Sr abundances and oxygen isotope compositions of microsamples as these can be readily redistributed by alteration under the influence of meteoric fluids (Brand and Veizer, 1980; Veizer, 1983) .
The Mn/Sr ratio of marine carbonates has been utilized as a tool for screening samples and evaluating their degree of preservation in Neoproterozoic successions (e.g., Derry et al., 1992; Kaufman and Knoll, 1995) . However, studies from different basins have come to significantly different conclusions as to the cutoff ratio for "well preserved" versus "altered" samples with respect to either C or Sr isotope compositions. In general, lower ratios (indicating higher Sr concentrations) are preferred for the Sr isotope studies, while higher ratios (up to 10) have been accepted for C isotope studies, in large part due to the buffering effect of carbonate carbon relative to the bicarbonate abundance of diagenetic solutions (Kaufman and Knoll, 1995; Corsetti and Kaufman, 2003) . The Mn/Sr in drilled Lapa dolomicrites range from near 0 to 10, except for very few cases that reach up to 15, with Sr concentrations reaching up to ∼500 ppm (Appendix A). Insofar as dolomitization would tend to drive Sr from carbonates, it is not unexpected to find higher Mn/Sr in these pervasively dolomitized sediments. Based on these measurements alone it is unlikely that primary Sr isotope compositions would be preserved in this unit, baring exceptional cases. However, carbon isotopes of most samples may be considered as little altered given the lack of relationship between δ 13 C and Mn/Sr values (Fig. 5a) .
Oxygen isotope compositions of carbonates may also be sensitive monitors of diagenetic alteration by meteoric and metamorphic fluids, which are typically depleted in the heavy isotope relative to seawater solutions. The δ 18 O signature of dolomites is generally influenced by that of the fluid because dolomitization requires large volumes of water to supply adequate Mg for the newly formed mineral. It is noteworthy, however, that dolomitization of the Lapa carbonates did not result in significant recrystallization and that sedimentary fabrics are largely retained. The Lapa dolomicrites, not including the secondary cements, have δ 18 O values that range widely from −13.6 to −1.0‰ VPDB (Figs. 5b and 6 ), suggesting variable degrees of alteration. However, there is no systematic relationship between δ 18 O (or δ 13 C) and Mn/Sr (Fig. 5b ) values in this sample set. The lack of petrographic evidence for significant re-crystallization (cf. Banner and Hanson, 1990) , the absence of any relationship between 13 C depletion and higher Mn/Sr, and the consistency of values in closely spaced stratigraphic samples support the view that the strongly-to-moderately negative δ 13 C compositions in the Lapa Formation dolomicrites reflect depositional conditions (cf. Knoll et al., 1986; Fairchild and Spiro, 1987; Burdett et al., 1990; Kaufman et al., 1991; Kaufman and Knoll, 1995; Jacobsen and Kaufman, 1999; Azmy et al., 2001) .
Organic matter isolated from selected samples in a single core (Fig. 7) preserved a wide range of carbon isotope compositions, ranging from ca. −14 to −26‰. While the 13 C enrichment of some samples might be interpreted as a metamorphic artifact (Hayes et al., 1983 ), there appears to be no systematic relationship between carbon isotope enrichment and organic carbon abundance (Fig. 8) in the Lapa carbonates, which is also consistent with the estimated relative color differences of powdered bulk rock. Notably, the more siliciclastic-and organic-rich carbonates that typify the intervals at the base and top of the formation have significantly lower magnitudes of difference between organic and inorganic phases (reflected in δ values <20‰; Appendix A). In few (but not all) cases, the lower δ values are related to both 13 C depletion in carbonates and 13 C enrichment in the co-existing organic fraction. However, based on the mineralogy and fine textural preservation of the sediments there is no indication for large scale carbon isotope exchange in this system, and we interpret the variable δ trends as environmental, rather than diagenetic, artifacts. If correct, the 13 C enrichment of organic matter may reflect carbon limitation associated with extreme growth rates of primary producers in depositional settings (Kaufman et al., in press) .
While the occurrrance of siliciclastic-rich lithofacies in the Lapa Formation makes chemostratigraphic analysis of 13 C variations in carbonates problematic, there is no clear relationship between carbonate abundance in bulk samples and 13 C depletion (Fig. 9) . Intervals defined by strong negative δ 13 C excursions contain similar carbonate abundances to those reflecting no isotope depletion. Furthermore, the consistency of δ 13 C values in closely spaced stratigraphic samples support the view that the strongly-to-moderately negative δ 13 C compositions in the Lapa Formation dolomicrites reflect depositional conditions (cf. Knoll et al., 1986; Fairchild and Spiro, 1987; Burdett et al., 1990; Kaufman et al., 1991; Kaufman and Knoll, 1995; Jacobsen and Kaufman, 1999; Azmy et al., 2001) .
Isotope stratigraphy
Accepting that depositional δ 13 C compositions of Lapa dolomicrites are preserved, or nearly so, we constructed stratigraphic profiles to investigate temporal variations in seawater chemistry at the time of deposition (Fig. 10) . The δ 13 C profiles of the Lapa Formation reveal variable expression of the basal negative carbon isotope anomaly in three of the cores (MASW01, PMA04, and MAF 38-84), and the upper anomaly also in three cores (MASW01, PMA04, and KVD-F60) assuming the latter section (KVD-F60) lacking basal diamictites captures only the upper portion of the Lapa Formation (Fig. 10) .
At the base of the Lapa Formation directly above diamictites in laminated argillaceous dolomites, a negative δ 13 C values as low as −8‰ is recorded in one core (other samples somewhat richer in carbonate have values nearer to −5‰); the other two cores house basal anomalies only as low as ca. −3‰. The variability between cores that are maximally separated by ∼6 km may be the result of facies variations, stratal hiatus, diagenetic alteration in the argillaceous carbonates (Kaufman et al., in press ), or possibly the degree of mixing of surface water with the 12 C-rich bottom water (e.g., Calver, 2000) . The upper negative anomaly is associated with rhythmite facies, and is also variably expressed in the three cores ranging from −5 to around −3‰. The upper shift is missing in the profile of Core MAF 38-84, likely due to unconformity at the top of this section.
Specific tests of carbonate percentage (%) in MASW01 drillhole samples (Fig. 9) showed that the negative excursions are associated with samples containing 50% or less, carbonate. However, some samples within the interval of carbon isotope invariance contain even less carbonate, so there appears to be no direct correlation of abundance with isotope composition in the Lapa Formation. It is also noteworthy that significant reductions in δ seen at the level of the carbon isotope anomalies reflect both 13 C depletion in carbonate and 13 C enrichment in organic matter (Fig. 7) . Since the stratigraphically restricted carbon isotope excursions are unlikely an outcome of regional metamorphism, we interpret the carbon isotope events at the base and top of the Lapa Formation as resulting from environmental perturbations in the depositional environment.
The basal biogeochemical event occurs in sediments directly above a glacial diamictite with dropstones in shaley lithofacies (Fig. 3b) , and local expression of sedimentary iron formation, both of which are characteristic of Neoproterozoic glacial deposits. Hence, we interpret the basal Lapa succession as a "cap carbonate" lithofacies. There is no lithologic evidence for diamictite or other glacial phenomenon beneath the upper Lapa anomaly and its origin remains unknown, and therefore warrants further investigation. The organic-rich shale associated with the upper Lapa anomaly is a potential target for biomarker investigations (e.g., Brody et al., 2004; Olcott et al., 2005) and Re/Os radiometric measurements (e.g., Kendall et al., 2004 ) that may provide some clues on the timing and global correlation of the Neoproterozoic glaciations.
Correlation of the Lapa Formation
Recognition of the basal Lapa Formation as a Neoproterozoic cap carbonate lithofacies with a strong negative δ 13 C anomaly provides possible clues to its age. Broadly speaking Neoproterozoic successions are thought to contain up to three discrete glacial horizons, classified as the Gaskiers, Marinoan (Varanger), and Sturtian events and radiometrically constrained to have occurred at ∼585 Ma (Bowring et al., 2003; Halverson et al., 2005) , ∼630 Ma (Condon et al., 2005) , and ∼750 Ma (Hoffman et al., 1996) , respectively. Each of these has been shown to have strong carbon isotope anomalies, often in unusually textured carbonates immediately above the glacial deposits. Thus, correlation of the Lapa Formation to one of these events would provide indirect radiometric constraints on the Brazilian deposit. Because of the close association of the São Francisco and Congo cratons in Neoproterozoic time, a comparison with events in the Otavi and Witvlei groups is considered.
The Otavi Group contains two known diamictite/cap carbonate couplets, known as the Chuos/Rasthof and Ghaub/Maieberg (Hoffman et al., 1998a (Hoffman et al., , 1998b . The lower cap is characterized by black (relatively organic rich) microbialaminite, stromatolite, and finely laminated ribbon rock. It has a carbon isotope anomaly that is also variably expressed, but generally has values down to −5‰, which trend to positive values over a short stratigraphic interval. Strontium isotope compositions of best preserved limestone from the Rasthof are as low as 0.7068 (Yoshioka et al., 2003; Halverson et al., 2005) . In contrast, the celebrated Maieberg cap carbonate is composed of organic-poor stromatolitic (tubestone) and massive dolomicrite beds at the base overlain by deeper water limestone rhythmites with remarkable seafloor cements. Shallowing above this level is recognized by sedimentary fabrics and a progressive increase of dolomicrite. The carbon isotope anomaly in the Maieberg also falls to a nadir of ca. −5‰ in most sections, but negative values in this cap continue in some cases for up to 450 m. The limestone rhythmites with seafloor cements appear to be well preserved and have 87 Sr/ 86 Sr compositions of ca. 0.7073 (cf. Halverson et al., 2005) . This value is an exact match for remarkably similar precipitates in a post-glacial cap from the nearby Bambuí Group (Fig. 1) in Brazil (cf. Misi and Veizer, 1998; Misi et al., in press ).
In the Witvlei Group on the Kalahari Craton, there are also two recognized levels of glacial diamictite and cap carbonate (Kaufman et al., 1991 (Kaufman et al., , 1997a Saylor et al., 1998) . These are represented by the Blaubekker/Court and the Blazkranz/Tsabisis couplets and their regional equivalents. Like the Otavi Group, the lower limestone rhythmite cap carbonate is more organic-rich, while the upper is organic-poor, contains micritic limestone or dolomicrite ribbons and tubestone stromatolites at its base, and is known to contain limestone seafloor cements very similar in position and character to those in the Maieberg Formation. Both examples also record significant negative carbon isotope anomalies, with the upper event spanning a stratigraphic interval of hundreds of meters into the overlying Nama Group. These lithologic and geochemical similarities have been the basis for the direct correlation of the glacial deposits on the Congo and Kalahari cratons . However, the strontium isotope composition of the limestone rhythmites, and seafloor precipitates interpreted as neomorphosed aragonite crystals, in the post-Blazkranz carbonates is significantly different, with lowest values near 0.7081 (Kaufman et al., 1997a,b; Misi et al., in press ). The significant contrast between the 87 Sr/ 86 Sr composition of high Sr seafloor cements in the Maieberg (0.7073) and Tsabisis (0.7081) suggests that these are not correlative units.
Although none of the basal Lapa dolomicrites are a textural match for the cap carbonates on the Congo or Kalahari cratons, strontium isotope compositions may still be used to suggest a correlation. Unfortunately, all of the argillaceous Lapa samples are dolomite and most analyzed for 87 Sr/ 86 Sr composition are highly radiogenic. However, a single sample from micro-drilled micritic carbonates in shallow intertidal sediments from the KVD-F60 drillcore recorded a low value of ∼0.7068 (Azmy et al., 2001) . A recent test of material from the same sample also yielded the same low 87 Sr/ 86 Sr result (Appendix A). Except for this least radiogenic value, it seems that the 87 Sr/ 86 Sr values of Lapa carbonates are significantly overprinted. Nonetheless, the lowest strontium isotope composition matches that found in the Rasthof Formation in Namibia, which is also consistent with the relative organic carbon contents of these rocks and the stratigraphic throw of the carbon isotope anomaly. This value does not match with limestone samples (including precipitates) from either the nearby Bambuí Group in Brazil, or from the Maieberg Formation in the Otavi Group in Namibia.
As an additional possible correlation tool, we analyzed trace sulfate in the Lapa carbonates for sulfur isotope compositions. Due to the general lack of bedded sulfates in this part of the stratigraphic column, little is known of secular changes in seawater sulfur isotope compositions. Such trends must therefore be regarded as a coarse tool at best given the lack of radiometric constraints and actual analyses, although remarkable variations in δ 34 S through the Neoproterozoic and into the Cambrian Period have been documented-ranging from near +15‰ around 750 Ma to as high as +30‰ by the end of the Cambrian (Claypool et al., 1980; Strauss, 1993 Strauss, , 1997 Walter et al., 2000; Azmy et al., 2001; Strauss et al., 2001; Schröder et al., 2004; Goldberg et al., 2005) .
Seawater SO 4 2− may be precipitated as evaporites (Thode and Monster, 1965; Claypool et al., 1980; Strauss, 1997) but their isotopic signature may reflect the influence of restricted local environment (closed basins) rather than open water. An alternative approach of obtaining more representative seawater δ 34 S has been suggested by Strauss (1997 and references therein) by using the structurally substituted carbonate-associated sulfate (often referred to as CAS) that occur as trace constituent in the calcite lattice. Such analyses hold the ultimate promise of creating a high resolution sulfur isotope curve for the Neoproterozoic, but to date the focus of this technique has been on the post-glacial cap carbonates. CAS analyses of cap carbonates in Brazil and Namibia (Hurtgen et al., 2002 (Hurtgen et al., , 2005 reveal remarkable enrichments in 34 S (for example, up to ca. +45‰ in the Bambuí and Maieberg formations; the Rasthof Formation is similarly enriched, but to a lesser degree). The δ 34 S values CAS in Lapa carbonates range from +12.2 to +24.3‰ (Appendix A). While some of these samples are enriched in 34 S against the Neoproterozoic background (similar to the cap carbonates discussed above), the high siliciclastic component of these sediments makes the interpretation of the values problematic.
Conclusion
Field, petrographic, and geochemical investigations of samples from several well preserved drillcores through the Lapa Formation reveal evidence for previously unrecognized glacial and post-glacial processes. Based on the sequence architecture, as well as lithologic succession and a strong regional negative carbon isotope anomaly, the basal Lapa Formation is considered as a cap carbonate lithofacies. Correlation of these beds with Neoproterozoic ice age deposits on the Congo and Kalahari cratons based on integrated stratigraphies, including a key strontium isotope result, suggests a direct equivalence with the Rasthof Formation in Namibia. This unit and the underlying Chuos diamictite are demonstrated to be younger than a 748 Ma ash layer beneath the glacial deposits. If correct, the basal Lapa Formation would most-likely be associated with the widespread Sturtian glacial episode.
The occurrence of an earlier glaciogenic unit (D) at the base of the Vazante Group (top of the St. Antônio do Bonito Formation) suggests a possible discrete earlier Sturtian glacial event (cf. Jacobsen and Kaufman, 1999, their Fig. 5; Halverson et al., 2005) or a preSturtian glaciation. Both cases would still imply that the upper diamictites (DII) at the base of Lapa sequence be likely correlated with the Sturtian glaciation. Additional geochronological studies on the Vazante sequence will certainly provide more constraints on the age of the St. Antônio glaciation.
A second negative carbon isotope excursion is recognized in the upper part of the Lapa Formation. While this might correspond to a second Lapa ice age, the absence of diamictite at this level suggests that some other oceanographic process could be responsible. Further research into the age of the Lapa Formation is warranted, especially given the presence of organic-rich shale at its base. These post-glacial shales are the focus of new studies of biomarker assemblages and Re-Os radiometric determinations, which should shed important light on the timing and biotic response to Neoproterozoic ice age processes.
